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A  DISPERSE])  RADAR  CONCEPT  R)R  AIR  DEFENSE 


I.  INTRODUCTION 

This  pd))b  suggests  a  radar  configuration  for  long  range  (200  km),  air 
oUi-wfaillaiiot;  oil u  uj.ai t:i oii'.  The  configuration  proposed  is 

multi-static;  e.g.,  several  transmitters  are  used  to  host  one  or  more  receivers. 
The  transmitters  are  located  within  a  region ,  or  Mfarm;"  of  a  few  hundred  motors 
in  extent  which  is  displaced  from  the  receiver  hy  several  hundred  meters.  By 
spatially  distributing  the  transmit  function  in  this  fashion,  and  displacing  it 
from  the  receive  aites  the  transmit  units  can  bs  blinked  in  a  manner  similiar  to 
that  of  <keoya  deployed  for  mono  static  re.dmrs  In  the  approach  proposed  here, 
the  radiation  from  the  "decoys"  is  used  as  the  actual  radar  transmitter. 

Figure  1  indicates  a  typical  equipment  layout  as  described  above.  Three 
transmitters  are  shown  as  hosta  to  one  receive  site.  The  distances  shown  are 
typical  of  those  required  to  separate  the  transmitters  from  the  receive  site  in 
order  to  prevent  ARE  impact  at  the  receive;  uifce.  Separation  shown  between 
transmit  sites  is  typical  of  that  used  for  decoy  farm  distribution. 

It  will  be  noted  that  transmit  and  receive  separation  la  small  compared  to 
the  detection  range  of  the  radar.  This  has  the  advantage  that  the  target  range 
and  doppler  determination  is  not  very  sensitive  to  the  multi-statie  geometry, 
compared  to  widely  dtoporsed  multi-static  systems.  Secondly,  the  useahle 
coverage  air  nrv.ee  i  rv* mi  V.-'r  to  t'nvt  of  womvivtV:  far;  tlTlr cPr' ,  tl--- 

aqulpment  interfaces  and  logistics  are  greatly  simplified  by  these  short 
distances.  On  the  other  hand,  one  of  the  primary  advantages  of  widely  dispersed 
multi-static  radar  is  not  obtained  here,  that  of  reducing  the  distributed 
clutter  size  for  rango  ambiguous  systems. 


,*Thcre  appears  to  bo  some  confusion  in  the  radar  community  over  the 
olHsnifi nation  of  surveillance,  acquisition,  or  search  functions  as  associated 
with  a  particular  type  of  radar.  The  Navy  seems  to  "search"  tor  Jong  range 
targets;  whereas,  the  Array  "surveys"  the  combat  zone  or  "acquires"'  targets  for 
weapon  engagement.  Historically,  the  terms  wore  reputed  to  belong  to  one 
development  command  or  another  with  mission  com  station  somehow  involved.  Th- 
tonus  will  bs  const dorud  vaguely  synonymous  for  the  purposes  here.  The  radar 
ueSur  be  o  is  In  tun  (ieu  to  uo  t'.«;  t  auu  track  aircrait  targets  in  a  tactical  air 
;,.p.4(;v.  Ciiv  trouiiie.i't  >it  the  pcmieuuv  of  elm; t jL-unii:  csutui tenuensurua  and  houtii.o 
anti- radiati on  missiles. 


PRIMARY  TARGET  L  ;JE  (PTL 


lgura  1 .  Typical  equipment  layout  for  the  dispersed  radar 


II.  Configuration  Rationale 


A.  Air  Defense  Surveillance  Role 

Tacti  cal  air  defence  ny-tciaa  for  high  alii  tune,  long  .•  uuge  targets 
need  surveillance  radar  functions  in  order  to  (l  )  aasena  n  raid  threat  an 
it  develops;  (2)  prioritize  raid  sectors,  primary  target  lines,  and  target 
groups;  and  (3)  enable  the  battery  or  division  nu .inlander  to  assign  and 
designate  targets  to  defense  units.  As  the  battle  develops  the  surveillance 
radar  is  needed  for  kill  assessment  and  re-direction  of  force  to  concentrated 
or  breakthrough  areas  of  surviving  aircraft. 

Eoth  PATRIOT  and  HAWK  have  long  range  surveillance  capability.  The 
PATRIOT'S  f A ro  unit  autonomously  performs  its  own  surveillance,  acquiring  and 
trucking  scores  of  targets  simultaneously  for  assessment  and  possible  engage¬ 
ment.  This  requires  that  each  PA.TRIOT  fire  unit  radiate  on  a  continuous  basin; 
each  becomes  a  high  value,  prime  target  for  an  anti-ra diation  missile  (ARM)  or 
electronic  intelligence  v^’kTNT)  nrootsion  location  equipment .  Thrv.o  concern;- 
produce  significant  costs  to  the  system  in  terms  of  ARM  decoys  and  fast  march 
ui-udi-  ciiiu  emplacement  times  for  frequent  re-positioning  of  equipment. 

The  Hawk  pulse  acquisition  ruder  (PAR)  and  the  improved  C’f  acquisition 
radar  (ICWAR)  are  designed  to  provi de  target  acquisition  for  the  HAWK  battery. 
The  HAWK  radars  and  missile  launchers  are  dispersed;  but  the  long  range  radars 
are  still  prime  targets  for  ARM  and  KI.IHT  suppression  and  identification. 

Autonomous  surveillance  capability  at  the  fire  unit  or  battery  command 
level  is  (and  trill  always  be)  necessary  and  vital.  There  is  significant  advan¬ 
tage  to  the  battery  commander;  however,  if  this  surveillance  capability  is 
augmented  vi  th  on  independent  equipment  for  the t  epeoi,.!  purpose.  (1)  Tliw 
weapon  rada.ru  <fo  not  need  to  radtatc  prior  to  th.  buttle,  and  their  high  power, 
long  range  search  waveforms  can  be  cut  back  or  eliminated  during  an  ARM  attack. 
(2)  Decoy  farms  can  poaaluty  be  jpontneed  by  Mdsidiin  man  a.  go  moot.  (3)  During 
engagement,  the  weapon  radara  can  be  totally  dedicated  to  the  engagement  and 
guidance  waveforms,  with  no  degradation  of  surveillance  capability  due  to  the 
uuutS  to  time  snare  the  rnuar  resources. 

.! J.  lUihv  I'usign  ior  Survive. biiity 

Critics  of  the  need  for  a  separate  long  range  surveillance  radar  for 
air  defense  arc  quick  to  point  out  that,  the  high  power  radar',  on  a  fii.ou  site, 
would,  nuovi  rie  good  ARM  fodder  for  the  first  da.y  of  the  war..  After  that,  the 
fire  units  would  be  on  their  own  anyway  -  and  thus  the  need  for  on.1  v  autonomous 
capability.  This  criticism  accurately  points  to  the  fact  that  the  surveillance 
radar  must  be  designed  to  survive  and  operate  effectively  in  an  ARM  an d  KCM 
environment.  If  this  ware  not  the  case,  thero  are  any  number  of  air  traffic 
contro  l  r; i. (vi  r;t  that  could  bo  in-* *  tar*  d  to  Pul f:’  IP  this  rol;. 


w 


N, 


« 


•» 


This  Bv,.T*,riv'-‘1  premlno  muel;  ho  a  bnaic  consi  deration  tor  new  mi 
rr.i ter  design.  Thus  far,  techniuaoa  to  counter  the  AHK  threat  fall  into  two 
general  categories:  (i)  Those  used  tor  new  radar  <«es ign  apeoifiual3.y  addressing 
the  ARM  problem,  and  (2)  thouo  used  as  "band  aid"  fixes  on  existing  radars.  A 
discussion  of  those  two  classes  follows  for  the  long  range  application. 

1.  Hew  fhRH  proof"  design. .  .The  average  now r  radiated  by  a  2U0  km 
ra ctir  ia  too  high  to  iu.ua  with  aU.gua.tai.-a  oom./  ol.  Quito  or  low  o.i. u i.'oui iu.  Gy 
of  intercept  waveforms,  coupled  with  frequency  agility  serve  to  reduce  the 
number  of  discriminants  available  to  the  ARM,  but  even  with  ultra-low  si.  do  loho 
antennas,  there  u.s  aduquace  Bideloue  r'ev diati Jii  for  ARM  homing  urom  /.’angos  well 
beyond  the  Atection  range  of  the  radar.  The  200  km  radar  requires  more 

than  signature  control;  although  the  low  poak  power  waveforms  certainly  are 
a  step  in  the  right  direction. 

2.  "Band  aid"  fixes. .  .These  are  applied  to  radars  already  fielded  and 

generally  take  the  form  of  either  emission  control  measures  or  ctecoys.  Emission 
control  requires  "blinking,"  or  cycling  the  radar  transmission  on  and  off  with 
the  time  of  the  off  periods  rouHily  a  factor  of  two  to  three  times  that  of  the 
on  periods.  If  full  time  coverage  is  required,  the  radar  must  be  netted  to 
OhliCiTCZ  Xw?  u/Vyr  ri’rr.cr?  ‘bo  ‘>.T.1.o*r  tho  vr\  fHft'VOTi  on— t;Vrn.o  to  hr: 

alternated  between  radars.  Obviously,  if  autonomous  operation  is  required,  the 
blinking  will  significantly  degrade  the  feta  rate  of  the  single  radar. 

If  decoys  are  chosen  as  the  ARM  countermeasure,  they  must  be 

puw,xx.xul  CxiOugii  liu  vx^UuI  Ox'  bi'jC  r,.U— ..UUOii  Gxiw  d.iU  j.-0x‘ 

radnro  of  this  class  and  vintage  this  means  that  the  decoys  must  be  almost  as 
powerful  as  the  radar  transmitter,  for  example,  if  we  assume  the  radiated  power 
from  the  decoy  must  at  least  equal  the  radiated  sidelobs  power  of  the  radar,  we 
have 


^t®s.i“^<£d 


where  is  tlw  radar  transmitt  ir  power,  Gaq  ia  the  gain  of  the  radar  sidalobes, 
Pd  is  the  decoy  transmit  power,  and  Gj  id  the  gain  the  decoy  antenna.  The 
gain  of  the  peak  si  delobes  for  typical  radar  antennas  •  •  interest  ranges  from 
about  2  to  10  liTTT .  If  the  gain  of  the  decoy  antenna  in  equal  to  this  gain  of 
the  si  delobe  of  the  radar,  the  decoy  power  must  also  equal  the  radar  transmit 
power.  If  the  decoy  antenna  gnxn  is  increased  beyond  5  db,  the  coverage  ox  the 
decoy  is  reduced  from  hemispheric  coverage  as  shown  hv  Figure  2.  For 
example,  if  a  decoy  is  designed  to  cover  a  10  dHI  si  delobe,  and  if  its 
ij i/aiimux. u b* j r  powux-  a a  cxio  xiuli  u.l  (y  dD  kuo  tx.un)  tho  r,.cL.r  br..vUS*nx_t  i»cr  po«x.i  ^ 
its  unt.cxv.ia  gain  must  be  13  db;  therefor::,  from  Figure  2  ths  single  decoy 
would  only  cover  a  sector  that  is  45  cfc gross  in  asimuth  by  60  degrees  in 


nievHtxon.  '.  i  tt  50°  A*.  by  60° 


,,ii;-  li.us  L  be  uddwd,  c?  c.  cbosy  t-ran.:.!*?*  ttco  of  tbr  nnmy  po.vr  or  thr.  re  d  \r 
point  ,\a  th;  t;  decoying  a  200  km  radar  .roqu  ires  a  significant  equipment 
expends  t  uru. 


Th: 


l/j.  tiiLbiilV  1. 


a  nio t*u  nffoc%-  ti  vc;  aolutinn  to  the 

ija?  L  J-’Uili  IjaJl*^  O  t  ex  0»  >j  ‘ji*  i» 
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the  receive  site  can  stay  quiet,  away  from  the  radiation  signature,  and  immune 
from  the  ARM.  To  protect  the  transmitter,  previous  concepts  have  placed  it  far 
from  th  :  lEBA.  and  out  of  roach  by  the  ARM-  Generally,  this  requires  an  airborne 
transmitter.  The  configui'ation  proponed  here  is  of  the  multintntic  cla3a; 

llOWttV&J?)  UXitJ  ItJiuU  Jw  y  dAillUiUC  tSJL  bd:  X53  iiU  b  i Lc; Li r?fci a ixxy» 

C.  Radar  Design  for  Reduced  Susceptibility  to  ECM 

Cn  addition  to  surviving  the  hard  kill  of  the  ARM,  the  radar 
performance  must  also  survive  the  30ft  kill  of  ECM.  Modem  jamming  threats 
require  the  use  of  a  pencil  beam  to  reduce  the  extent  of  the  main  beam 
susceptibility  Lu  being  jammed.  Secondly,  the  lowest  side  lobe  levels 
affordable  are  needed  to  reduce  the  effect  of  si  delobe  jamming  from  stand-off 
jamming.  Adaptive  measures  of  several  cluases  are  being  investigated  by  the 
radar  community  to  further  reduce  jamming  effects.  Most  of  these  involve 
reducing  the  sensitivity  of  the  antenna  pattern  in  a  selective  manner  to  the 
specific  direction  of  the  jammer.  Techniques  for  both  closed  loop  and  open  loop 
,*>  d".pn  an  ■  re'  i-n  der  investigation  for  this  purpose.  The  success  of  these  tech¬ 
niques  IfcptUiUa  oil  tile  number  OX  uogxaao  of  x’xociklm  civ cxa.ln.bla  iiu  an  uaulioii  ml 

illumination  function  for  the  antenna  (which  produces  the  required  nulls  in  its 
spatial  response)  ana  the  speed  at  who.cn  this  can  be  accomplished.  The  proposed 
configuration  offers  the  possibility  of  evolutionary  growth  in  this  area  since 
the  response  of  each  element  of  th<  receive  array  is  available  to  the  processor. 

D.  ft dvantages  for  the  Multiststie  Configuration  Proposed 

In  order  to  counter  the  hostile  environment  outlined  above,  the  radar 
proposed  here  is  auasi-multistutic  (or  quasi-monostatic);  e. g. ,  the  transmitter 
is  separated  from  the  receiver,  but  not  very  far.  The  transmit- receiver  base¬ 
line  is  roughly  .00^  times  the  detection  range.  In  addition,  the  transmitter  ia 
spatiai-ly  distributed.  This  means  that  the  average  power  required  to  detect 
aircraft  at  PCX)  km.  is  derived  from  perhaps  «  total  of  three  units  rather  than  n 
single  transmitter.  This  reduces  a  given  transmitter  sine  mid  allows  them  to  be 
separated  from  each  other  by  several  hundred  meters  as  shown  in  Figure  1. 

Modest  separation  of  the  transmit  and  receive  tunotlons  provides  enough  isola¬ 
tion  to  reduce  the  requirements  of  the  TO  device  for  a  pulsed  ra (Jar.  It  should 
allow  the  use  of  flexible  coded  CW  waveforms.  It  should  also  reduce  the  return 
iVoui  viwrxx-iu  clutter.  More  significantly,  this  separation  allows  protection  of 
the  high  value  passive  roenf-yn  site  and  its  personnel  from  ARM.  attack  or  precise 
ELII.'T  lOaC. t.'.o.".  fl‘pj>!V '  i  •  ..  pOW  '..  V1  b:  v.  -y  .t  (!  !;.n  ':b  '  fcn,  .wwVfct..:..'  "•  W.  •• 
safe  distance  away  from  the  receive  site.  Furthermore,  the  antenna  complexity 
is  somewhat.  offset  by  this  separation,  since  the  more  sophisticated  requirements 
of  beam  formation,  etc.,  aro  placed  on  the  receive  function  only.  The  transmit 
(high  power)  antenna  is  a  relatively  simple,  low  microwave  loss  device. 

’When  compared  to  other  multistatio  radar  concents  which  use  single 
airborne  transmitters  in  a  remote  location,  there  are  distinct  advantages.  All 

oqUipiuun  t>. .  ax  e  Uii  rx  i x  juj  u  ox xu*  OxtCx.  .I.OOi in.  lu  iqiliimK.;  OUi.ip..jU«x  t  .-Oxi  ’.a  > LO  L 
necessary  in  the  multi— sta tic  location  equations.  The  clutter  is  not  ooinpli- 
i- tied  by  soppier  uue  to  the  inaii-im \  t  platform  mo 9 ament.  hear  eo- location 


(compared  to  wi  dely  dispersed  systems)  gives  fewer  cali brati on  and  control 
problems.  It,  also  implies  that  the  total  transmit  power  requirement  is  similar 
to  that  of  the  monoatatic  radar.  Since  the  transmit  and  receive  functions  are 
not  widely  dispersed,  the  masking  is  similar  to  that  of  a  monoatatic  radar; 
therefore,  extreme  elevation  of  the  transmitter  is  not  necessary.  The  dio tri¬ 
bute  d  transmit!  r  can  be  organized  to  reduce  its  vulnerability  to  AKK’a  through 
blinking,  frequency  diversity,  antenna  sector  switching,  etc.  A  chreeic  hit  on 
one  transmitter  may  reduce  the  detection  range  of  the  system  hut  "graceful 
degradation"  occurs  with  transmitter  attrition.  Each  transmitter  is  a  fairly 
simple  device  and  does  not  have  to  provide  the  entire  radiated  power  of  the 

III .  Coverage 

A.  Tradeoffs 


Given  the  need  for  a  multistatic  system,  there  are  a  number  of  choices 
in  ita  configuration.  The  use  of  a  distributed  transmitter  limits  those 
choices.  Because  of  the  number  of  transmitters  employed  here,  their  design  must 
be  simple.  Pencil  beam  transmitters  synchronized  with  pencil  beam  reception  do 
not  meet  this  criterion.  Rotating  transmit  fan  beams  require  less  synchroniza¬ 
tion  with  the  receiver;  however,  the  data  stream  and  dwell  time  budget  are  con¬ 
fined  by  the  rotation  rate.  At  the  opposite  extreme,  omni-directional  transmit 
beams  waste  too  much  coverage-power  product  since  a  multiple  boam  receiver 
covering  tho  same  hemisphoro  of  apace  is  unpractical.  Most  of  the  Idealized 
multistatic  configurations  arc  not  practical  for  long  range  radar  applications 
simply  because  of  the  inefficiency  encountered  when  one  tries  to  register,  or 
overlap,  the  transmit  coverage  with  the  receive  coverage. 

B.  Proposed  Approach 

The  approach  chosen  uses  u  sector  coverage  transmit  beam  that  is 
matched  to  the  coverage  of  a  cluster  of  receive  pencil  beams.  Both  the  transmit 
and  the  pu' allel  receive  beams  arc  fixed  spatially  for  a  detection  cfcrell  period. 
Then  the  transmit  beam  and  the  entire  receive  b.-am  cluster  are  moved  simulta¬ 
neously  to  interrogate  another  sector.  During  a  givon.  sector  cfroll  period,  tho 
transmit  brum  may  be  derived  from  one  or  perhaps  all  of  the  transmitters  in  the 
farm  in  a  sequential  fa:-'  'on.  The  transmit  scheme  will  depend  on  Wits  dwell  time 
required  by  that  sector,  and  may  he  altered  subject  to  ARK  attack  or  equipment 
condi  tion. 


^inoe  the  receive,  beam  cluster  ’ a  scanned  ns  a  group,  sneoinl  cht na¬ 
tion  must  be  given  to  a.  tracking  scheme  for  high  priority  targets-  In  order  to 
provide  a  more  precise  target  location  for  track,  it  may  be  necessary  to  provide 
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which  arc  scanned  in  dependent ly  f i  urn  thw 


receive  bom  cluster.  This  can  ho  n.ccomplinhc d  through  extassi on  of  the  distal 
beam  Forming  processor  with  no  RE  hardware  changes.  It  should  ho  no  tod, 
however,  that  the  data  rate  is  still  paced  by  the  step  scan  of  the  transmit 
Flood  beam  among  the  iii.nor  sectors,  if  a  higher  data  rate  is  required,  it  mm  Id 
be  supported  by  extra  illumination  of  the  track  sector,  using  one  of  the 


transmitters  out  of  the  normal  B6quan.ce  used  for  search  coverage.  'fracking 
details  will  not  be  further  addressed  here. 


f 


This  concept  could  be  ir- Heaente  d  over  a  360  degree  azimuth  region 

coverage  of  120  degrees  in  azimutn  is  suggested  here  because  (a)  moat  long 
range  ai'  defense  scenarios  have  primary  interest  in  the  air  space  over  the  FEBA 
and  beyo  d;  and  (b)  sector  coverage  allows  the  use  of  planar  arrays,  which  ere 
technically  staight  forward  and  serve  to  illustrate  this  example  system. 

Kowevor,  it.  should  ho  noted  that  the  multiple  team  receive  -system  inherently 
provides  very  fast  dhta  rates  ( to  be  shown  later  herein).  This  indicates  that 
the  rrzuns  time  limitations  gei  jraily  acsociated  with  sequentially  scanned  pencil 
beams  over  large  regions  of  air  space  are  relaxed;  therefo  a,  growth  of  this 
construct  configuration  to  hemispheric  coverage  is  feasible.  The  risk  to  this 
growth  is  primarily  one  of  added  complexity  and  cost  rather  than  technical, 
given  the  achievement  of  the  sector  coverage  system.  This  is  based  on  the 
recults  of  the  Hemispheric  Coverage  Antenna  work  at  Sperry  in  the  US.  Hardware 
was  built  and  evaluated,  showing  that  a  pencil  beam,  with  good  integrity,  can  be 
scanned  over  a  hemisphere  from  a  planary  array  feeding  a  dome  shapes  microwave 
lens. 

C.  Sector  Allocation 

The  120  degree  azimuth  sector  of  Figure  1  is  divided  into  nine  minor 
sectors.  These  are  shown  on  the  orthographic  projection  of  Figure  3*  The  nine 
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profiles  are  shown  on  the  altitude  versus  slant  range  chart  of  Figure  4.  These 
sector  sizes  were  chosen  to  accomaodate  about  200  receive  ( 2  degree)  pencil 
beams  each.  The  number,  200,  is  not  op  imized.  It  was  selected  as  a  reasonable 
goal  for  the  number  of  simultaneous  beams  to  be  digitally  formed  and  processed 
in  real  time  with  the  advent  of  Very  High  Speed  I  tegrated  Circuits  (VHSIC) 
cxpoctcJ  in  the  1990' a. 

C.  Receive  Beam  Renuirements 


ine  recarve  sire  uses  a  single  olanar  arrav,  urea  m  nosixian.  wixn 
its  breadsido  beam  oriented  in  azimuth  toward  the  primary  target  lino  (PTL).  It 
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menta  required  in  the  array.  The  tilt  back  angle  is  datsrmined  in  Appendix  A  as 
1^1  deirreps  from  the  vertical. 
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angles  are  related  to 
array  ic  tilted  back  f 


oiuiaino  covoru0e  in  detail,  -.ho  usual  array  coordinates 
9  whore  u  and  G  are  scan  eagle.,  in  or thogonal  planea 
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earth  coordinates  azimuth,  Az,  and  elevation,  El,  when  the 
rca  the  vertical  hr  the  angle  T,  nc  follows*; 
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The  beamwidth  of  on  array  that  As  >?A  ,.ed  In  apace  hroa  dens  an  it  is 
scanned  from  broadside  by  1/coa  9  where  9  la  the  angle  from  broadside  to  the 
scan  direction.  However,  when  the  beam  is  projected  to  the  sin  a,  sin  p  coor¬ 
dinate  plane,  its  dimensions  are  invariant  with  scan.  Therefore,  adjustment  of 
coverage  of  space  wixh  a  number  of  sequentially  scanned  beams  (or  parallel 
simultaneous  beams)  i3  usually  done  in  "sine  space."  Tbs  2  degree  beamwidth  of 
this  example  translates  to  35  milliaineu.  This  35  millisinea  can  be  used  for 
the  beamw  dth  over  all  of  the  scan  space. 

T.f  the  ensemble  of  simultaneous  receive  bonme  must  cover  a  given 
transmit  sector,  their  scan  directions  must  re  chosen  using  a  rationale  which 
involves  a  trade  off  between  the  number  of  omn  required  and  the  average  loan 
of  gain  over  the  sector  coverage.  For  example,  Figure  6  indicates  three  ways  of 
stacking  the  rece  /e  beams,  where  the  circle:-  shown  represent  the  3  dB  contour 
of  the  beam  in  sine  space. 


For  thia  example,  the  receive  beams  will  be  stacked  as  in  Figure  6-C. 
This  is  chosen  because  it  provides  the  lowest  loss;  hence,  a  reduction  in 
transmitter  power  requirements.  By  applying  this  stack  lattice  of  .75  beam- 
widths  x  .866  beamwidths  to  sin  a,  sin  p  space,  the  number  of  beams  for  a  given 
sector  of  sine  space  is  easily  obtained.  Thia  is  not  very  useful;  however, 
because  the  coordinates  of  interest  are  earth  coordinates,  Az  and  Fil,  related  to 
sin  a,  sin  P  by  Equations  (III-1 ,  2).  Therefore,  the  procedure  must  be 
reversed,  choosing  earth  coordinate  sectors  and  iterating  their  limits  until 
each  has  the  number  of  beams  aoual  to  the  number  of  available  narallel  receivers 
(in  this  case,  200).  Here,  the  major  azimuth  scan  region  from  Az-»-6o'  to 
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From  equation 

(III-I)  it 

can  b 

shown 

that  :i  row  of  berms 

along  a  given 

cleva 

tion  scan  (Ml’1*  constant)  will  have  the  same  number  of  beams  in  each  of  the 
above  scan  regions-  Thus,  t’ ...  a  throe  sectors  which  arc  bounded  by  these  Azimuth 
limits  and  constant  elevation  limits  have  equal  numbers  of  beams  in  each.  By 
siraple  iteration  of  the  lattices  of  Figure  6-0  in  sine  space,  the  nine  sectors 
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The  solid  angle,  0^,  of  a  single  receive  pencil  beam  in  given  by 
Q,  -  Etc  (1-cos  5)  (iT.i-';>) 
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whore  6  is  the  5  dB  beamwidth.  Its  directive  gain  Cr,  (uniform  illumination  and 
no  looses)  is 

G,.  -  4*  (ITT. -4) 

-k 

For  a  tdo  degree  beam,  Qv  -  9-57  r  10“4  and.  Gx,  *  41  ,2  <WT. 
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from  broadside.  ‘This  is  due  to  the  beam  broadening  already  mentioned  in  connec¬ 
tion  with  the  200  beam  coverage  sector  determination  of  Figure  3-  In  order  to 
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,  rill  be  computed  for  onr.h  of  Ihe  minor  sectors.  Aa  an  appro wimation ,  this 
scan  loss  will  be  taken  as  the  average  of  five  beam  positions,  one  at  each 
corner  of  the  sector  and  one  in  the  center.  A  given  beam  position  scan  J.oas, 
l^g,  is  given  in  dB  aa 

IRS  *  10  log  I  1  1  (HI -5) 

|cos9J 

where  9  is  the  angle  of  scan  from  broadside, 

0  =  C03“1  ^ain  gp  ain  <p  +  C0Q  p,x  coa  ^7,  cos  T^.  (Ill -6) 


The  average  receive  scan  loss,  computed  as  above,  for  each  of  the 
minor  sectors  of  Figure  t  is  given  in  Table  III -A. 

Tp  b].e  III -A.  The  average  scan  loss  for  the  receive  beams  of  tach  of  the 
minor  sec  lux  e. 
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K.  Transmit  Fleam  Requirements 

Tho  minor  sectors  to  1>  illuminated  by  the  transmit  beams  are  de rule d  by  the 
2000  beam  limits  of  tho  cocci vor  as  derived  above  and  r.hown  in  Figure  7.  Wnoh 
111'  Iillw  li.L(iCxL«U  ixu.ii.Ji".:  i  i  *-)  j.*.--  h:  i  -p.  .1:1  Of  -I.I1  ■ii)i  11y  —i  -1.1  <r*  ' 

of  those  minor  sec  tore-  In  principle,  tho  full  tranami  !;  psower  of  a  given  unit 
can  bn  switched  from  one  sector  io  another.  Then:  in  a  small  amount  of  overlap) 
between  eeuters  not  eho'.m  in  Fi/puro  3 
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Tlic*  solid  angle, U-j;,  of  a  given  Boctor  i3  dstermin  d  from 

Q-t  ’  *.,(  ain  El  n,nT  -  sin  El  (ill -7) 

where  <t>a  ia  the  total  angular  azimuth  ooverage  of  tii9  sector  in  radians, 

El.  nial  is  the  maximum  elevation  angle  and  El  mjn  is  the  minimum  elevation  angle 
of  the  sector  coverage- 
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and  no  losses,  is  given  by 

p...  n-  *.v  (ttt-r) 

or 

Thu  solid  angle  unci  gain  of  cuch  of  the  minor  occtor  transmit  loams,  calculated 
from  (I1I-7)  and  (XII-8),  is  given  in  Table  III-B. 


Table  III-B.  Transmit  Beam  Parameters. 


Sector 
(See  Fig.  3) 

Xt 

(Steradlans) 

Gt 

(dBI) 

1,  3 

0.1899 

18.2 

* 

0.1 477 

19.3 

}  11,  6 

0.2208 

17.6 

5 

0.1715 

18.6 

7,  9 

n  ;?sHn 

16.,  9 

0 

0.2007 

18.0 

IV.  DETECTION  CRITERIA 

A.  Range  Equation  Ananmptiono 

The  matatui  racwr  range  equation  in 
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0^,  Gr  -*  Antenna  gain  of  in  ansmi  vl;«v,  xecei  vex 
KT0  -  product  of  Roltzman  constant  and  temperature 
NE  ~  receive  noise  figure 

(S/M)0  ~  signal  to  noi.se  ratio  at  receiver  output 
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For  this  multistatic  geometry,  where  the  transmitters  are  clone  to  the 
rereiver,  it  will  he  assumed  that  R.j.  -  Rr  100  KM-  Hector  Ifumhnr  1,  from 
Pi.  re  3,  will  he  defined  as  a  reference  sector;  its  antenna  parameters  will 
be  used  in  the  range  equation  in  order  to  determine  the  power  required  for 
various  dwell  periods.  Lator,  those  results  are  extrapolated  fo^  other 
sectors- 


B.  Probability  of  False  Alarm  Rationale 

Tno  multiple  channel  roc CTiv...x'  oc  mucb  pG.*;*^olo  by  ^p*.*i/lol  oooiu  xerm^iig 
iii  the  uigttal  jaumjaaor.  lu  ailuifiou,  it  must  a  .so  process  the  data  in  real 
tiiuo  fox'  all  of  the  200  beams,  oorne  re uuit uancy  in  px'oceaaLng  may  be  required 
if  tracking  beams  are  also  implemented.  For  these  r<  xsons,  the  detection  cri¬ 
teria  must  result  in  very  few  false  alarms  for  the  heavily  burdened  processor  to 
c*.ai  with. 

Thus,  a  probability  of  false  alarm  (Pfa)  of  1Q~'^  is  chosen  rather  than 
a  more  conventional  value  in  the  10“°  to  TO-'-’  range-  This  choice  requires  a  few 
more  dR  signal,  to  noise  ratio  for  a  given  probability  of  detection  (P^) , 

0.  Coherent  Dwell  Interval 

The  sector  clood  transm.it  scheme  proposed  for  this  system  implies  that 
long  integration  time  will  be  required  for  long  range  detection  if  the  transmit 
power  is  to  be  kept  at  an  acceptable  level-  This  can  be  done  most  efficiently 
by  using  ;x  vuvoform  whxch  px'oxrxd<-c  the  longXiSi;  px’uc Heal  oohex'biiL  (ux- 
pre- detection)  time,  and  combines  multiples  of  this  interval  which  are  further 
integrated  non-cohorontly.  Assuming  that  doppler  processing  will  be  employed, 
the  maximum  coherent  integration  shat  can  be  uaed  will  depend  on  how  long  a 
maneuvering  target  will  stay  in  a  aingl.;  cbpplor  filter.  This  is  determined  as 
follows. 

The  doppler  frequency  of  a  target  flying  at  a  radial  velocity  of  Vt  is 

fd  2Vt  (I V-2) 

"\~ 

If  the  target  undergoes  a  constant  radial  acceleration,  if.:  velocity  change,  AVt. 
causes  a  change  in  the  doppler  as 

Af d  -  2AVt  (TV-3) 

Tv 

The  acceleration  a^,  is  a  constant  given  by 
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over  the  interval,  of  tii'Ug  At,  Hubstitniing  then. 

At, |  -  »M;At 
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If  it  is  assumed  that  tho  integration,  was  initiate  a  whan  the  target  was  in  the 
center  cf  a  dopoler  fiitor,  its  buncbridth,  Bf,  would  need  to  be  twice  the  expected 
change  in  floppier  in  order  to  accommodate  an  increasing  or  decreasing  exeurrion. 

From  another  perspective,  if  the  sign  is  known,  tho  ijikergration  may  not  bo  ini¬ 
tiated  when  the  target  floppier  is  centered  in  the  filter,  therefore  some  safety  fac¬ 
ie..  la  »iwO  u  d ,  tlni-  xl.ctcr  cf  L./e-  >.x  che..  m) .  TV-  '  '  yield: 
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Furthermore  _  5  the  integration  interval,  tf  *  1/'Hf  can  bo  no  greater  than  At. 
Therefore, 
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For  a  target  acceleration  of  6  g' a  and  \  *0.1  meter  this  results  in  a 

?n  .1  mi  VH  Heron  d  l  imit  as  the  mr’.mv.m  coherent,  integration  time  that  can  be  used. 

I).  Target  Model  Assumption 

For  the  calculations  that  follow  a  20  millisecond  dwell  derived  in 
Fjrtion  0  .•~.ho\,”‘  ,r'  nnnn-4  rf. on  ”;•»•$  n  r.i  r.  ^-,1  ee"  (from  a  ai  n  g-1  o  transmitter). 
Since  each  of  the  20  millisecond  trolls  (pulses)  can  be  from  different 
transmitters,  the  amplitude  of  each  "pulse"  in  a  given  sequence  is  considered 
to  be  a  ctiitiuti  ally  independent  random  vrri;-hl'*,  w^th  the  enme  Bay-sigh  pro— 
bahility  density  funtion .  The  initial  phases  of  each  pulse  in  the  detection 
sequence  are  assumed  to  be  independent  with  >miform  probability  densities. 
Therefore,  the  target  ia  considered  Swerling  II  for  this  datactlon  scheme. 

E.  Tranamit  Bower  Calculation 

Equation  (1Y~1 )  will  he  used  to  first  exrnine  the  transmit  power, 
required  to  pro ciueu  a  desired  uignal  to  noiou  at  th  :  rocoivor  output ,  (3/5)p, 
for  a  ai-nglo  20  mi lliuoaond  .Sroll  interval. 
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6  dB 
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L  -'13  dB  (Note  1) 

13 

T  =*  .020  aec. 

1 

17 

Gt  -  18. 3  dB  (Note  2) 

18.3 

Gr  *  36.8  dB  (Note  3) 

36.8 

X2  *  (10  CM)2 

20 

| 

a  3m2 

4.8 

301 

263.9 

There tore, 

Vt  -  37.1  +  (S/N)0 

.there  la  in  dBW  and  (S/N)0  ia  in  d3 
NOTE  1 


(IV-8) 


10  TE  2  = 


}'0  TTC  ; 


Thin  ia  an  aaauraad  manbev  for  the  total  of  the  processing  and  propa¬ 
gation  losses. 

Trie  transmit  gain  of  Sector  2  wan  uaod  here  from  Table  III  — U  after 
degrading  by  one  dB  to  account  for  feed  loosen  and  illumination 
function  inefficiency  of  the  antenna. 

The  ulivctivu  goi.i  u  of  a  two  iJegi’eo  ntinci  i  beam  wan  no d  i»i 

5>eci:* on  f.TT-j)  an  41  .2  dHI.  Kef  3,  Table  A.  17,  indicates  the 
efficiency  of  an  n  8,  Circular  Taylor  illumination  function  in 
0.6B1  ;  therefore,  ■  dB  wa3  subtracted.  Feed  loan  for  this  antenna 
vraa  assume  d  to  bo  2.4  dB.  Table  ITT -A  shown  n  scan  l  oss  of  09  dR  for 
this  Sector  2.  Therefore, 


millisecond  dtc  1.1  iiitwrvul  vcr.iun  t»i«s  iu-anoiui  L  power.  To  «o  thS  1,  the  (tj/d')()  of 
’i'Iouu  i.'i  on  f  V  -l)  in  i.,p '!.,»cc-  d  by  ,nt  i,.(  11  <  v  a  l.orri;  I'd  whi  eh  in  oht.-ii  nod  hum  lilt; 
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curves  of  Chapter  11  of  DiFranco  and  Rubin^  These  curves  indicate  the  Pd  ver¬ 
sus  peak  signal  to  noise  ratio*  for  various  casus  of  target  fluctuation  and 
fni  n*'-  ,n"i  r  rm  .  Ilr.i.ue  the  ft/orl  in  r-  Ciasc:  TT.  N=i  P.o  .  =  m~10  euvve  yihh 

Equation  (IV-8)  yields  th9  1M  curve  of  Figure  7  which  represents  the  transmit 
power  required  versus  ?d  for  the  single  20  millisecond  dwell.  The  DiFranco  and 
itubin  curves  for  multiple  pulses  that  are  incoherently  integrated  can  he  applied 
to  multiple  units  of  the  20  millisiwcoixu  basic  (well.  Those  are  shewn  >u  Figure  7 
for  M=1  ,  3,  10,  30,  100,  and  JCX);  where  3?  is  the  number  of  these  basic  dwells  that 
are  integrated  noncoherently.  Figure  7  gives  a  fairly  wide  latitude  of  transmit 
power  levels  that  could  result  in,  for  example,  a  Pd  of  50$.  The  questions  now 
remain;  T<Jhu't  data  ratoc  result  from  the  choice  of  Pfc?  How  long  cm  one 
integrate  (noncoherently)  for  the  target  detection?  These  lead  to  the  time- 
power  considerations  uf  the  next  section. 

V.  Time-Power  Considerations 


A.  Comparison  of  Sector  Coverage  Times 


On  examination  of  the  Range  Equation  (IV-1 ) ,  it  is  apparent  that  the 
dwell  time  can  he  expressed  in  those  terms  which  are  likely  to  hav  different 
values  from  one  minor  sector  of  the  coverage  to  the  next; 


Ti 


K 


(V-1) 


where  T  to  the  (Wall  tune  require  u  m  i.he  nth  asutur  fur  hit*--  paxaiue  tera  ahum; 
pertaining  to  that  sector.  The  assumption  i3  made  again  that  Rr  *  Rt  “  R. 

Lrs  is  tho  average  scan  less  of  the  receive  antonna  \a  givor  in.  Tahlo  III-A  and 
G-k  is  the  directive  gain  of  transmit  antenna  as  shotn  in  Tahlo  IIl-B.  The  real 
of  the  parameters  of  Equation  IV-1  are  lumped  in  the  -instant,  k.  Rote  that  the 
transmit  peak  power  is  not  varied  from  sector  to  sector  for  practical  reasons. 


From  Figure  4i  tho  appro ziraation  will  he  made  that  the  maximum  range  to 
the  target  for  soctorB  1,  2,  and  3  is  twice  that  in  sectors  4,  5,  and  6„  and 
lour  times  that  of  sectors  Y,  cJ,  and  y.  This  occurs  because  ine  maximum  al ti- 
l.ndo  for  targets  of  interest  is  78  km. 


The  dwell  time  required  by  each  sector  can  n  w  he  normalize d  wi th 
respect  to  tho  reference  sector  7: 


*  mOO TNG TP  ■  The  r-hr’is'ie  of  those  curves  is  the  nesk  s"""**'!  tn  uninn  ratio 
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where  Au7 
be  subtract;- 
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I  rrr',vn  fhr*  .m v,"  1  iwi  :)i‘  mi  rv»vi  !*.r 
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where  the  subscript  1  rapronantfl  the  i  th  sector.  Performing  thin  normal  ismtion 
results  tn  Table  V-A .  Note  that  thoao  result o  assume  that  constant  probability 
o’  ctetnction  in  cfealrecl  for  all  sectors,  which  may  not  be  the  case.  They  can  be 
used,  however,  to  derive  a  lower  bound  on  the  data  interval  obtained  for  a  given 
transmit  power  and  pi.'oba’uili ty  of  detection  chons u  from  Figure  f. 

Table  V-A.  Dwell  Time  Requirements  Normalised  to  Sector  2. 


1  Sector 

1 

I 

1 

1.683  | 

2 

1 .0 

3 

1.683  I 

lx 

.123  ! 

b 

.077 

6 

.123 

7 

.011 

8 

.007 

9 

.011 

4.718 

The  data  interval,  or  time  between  looks  in  a  particular  direction, 
while  covering  the  entire  major  sector  coverage  i.3  essentially  the  total  time 
required  to  interrogate  all  sectors,  Td.  This  can  ho  hounded  by  the  absolute 
minimum,  Td  min ,  determine  J  by 
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From  Table  V~A, 
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Figure  7  is  based  on  the  basic  single  dwell  incorval  of  2.0  milliseconds, 
OPM;  therefore,  the  curves.,  shown  in  Figure  (5  can  he  drawn.  These  indicate 
,  msiiii !;  I:ci.'  power'  Icv.-js  enquired  urn.'  a  given  nii.a  interval  for  this  radar 
;u rati. or...  In  effect,  th..  imusms. t ter  pom  snow u  i.. .  eont.xuuous  wave, 

gh  it  may  bo  sequentially  uupoliod  by  multiply  units. 


Figaro  Si  and  Table  V-A  over- simplify  the  time— power  resource  nl  locution 
cousi  durablya  A  <>  r:u.  tic.  s  1  ensign  ..unl.d  ,  shun  ly  nut  mn  m.;  i  i  we  such  ml  nor 
sector' s  dwell  as  shown  in  Tab  to  V-A.  Instead,  suit  of  waveforms  would  be 
chosen  and  applied  by  sue  tors,  by  function,  and  by  ci.-sii-ed  (ietectien  cri.  teri./i., 
ill i,  considerations  here  serve  only  to  illustrate  the  trade  offs  :md  the  liegrcn 
of  flexibility  avai  lable. 


y  i 


note  that  the  coifed  wave  forma  aureate d  in  the  nert  section  further 
support  thin  nhilosoohy  of  flexibility,  since  the  fer-rsd  nerforniartoe  paramo  torn 
of  resolution,  ambiguity  cit  grama,  instrumented  range,  and  doppler  extent  are 
determined  by  the  code  choice,  and  are  more  or  lean  independent  of  the  time- power 
consi derations- 

VI.  Waveform  Design 

A. ..  Pi— Phase  Ho  dec  T  on,'*  Pulse 

Extcnnivc  trade -off  otudico  to  compare  various  implementations  of  wave¬ 
forms  have  not  been  done  for  the  radar  proposed  here.  There  is  rationale  to 
support  the  choice  of  bi-phasa  coded  long  p-  (near  CW)  waveforms,  and  the 
examples  that  follow  have  counterparts  with  similar  ambiguity  and  spectral 
chare c  Leris  lies  in  pulse  tbppler  ari  d  frequency  modulated  waveforms.  Therefore, 
the  v  we forms  chosen  are  illustrative  only. 

The  phase  coded  long  pulses  are  relatively  low  peak  power  with  near 
unity  duty  cycles.  This  is  more  compatible  with  solid  state  microwave  power 
generation  than  the  high  peak  power,  low  dity  cycle  pulBO  waveforms  of  traett- 
tionul  radii'.  The  signature  of  these  signals  5  i  fewer’  discriminants  for  the 
AKM  reoeiv  »r  to  sort  hy.  There  is  no  well  de;  ned  leading  edge  to  n  number  of 
pulses  i  a  train;  therefore,  the  AKK  cannot  leading  edge  gate  to  sort  the 
direct  path  from  a  clutter  bounce  or  a  multi-path  signal.  The  coded  waveforms 
are  extremely  flexible;  o-g.  ,  the  ambiguity  diagram  is  changed  by  code  bit  rates 
and  code  lengths.  This  can  be  done  with  software  a  <i  digital  circuit  architoc- 
tore  rather  than  more  significant  hardware  changes  such  as  switched  pulse 
compression  lines  or  frequency  synthesizer  alteration,  etc. 

B.  Bi-P'-vse  Code  Cna  acteristics 

A  ox-phase,  pseudo- random,  maximum  Length  code^  is  impressed  on  the 
it' -crowavc  carrier  by  alteration  of  its  pha.se  between,  two  states  which  arc 
separated  by  1H0  degrees.  This  alteration  is  done  in  a  noise-like  sequence  at 
the  code  frequency  (or  bit  rate),  f0,  which  establishes  the  band*  i dth  and  the 
basic  resolution  of  the  co de d  waveform.  These  codes  arc  deterministic,  being 
easily  generated  by  feedback  shift  registers.  The  bit  length.  x;  is 


Thu  number  of  hits,  T>,  is  constrained  by  che  generation  process  to 

L  -  -1 


(VI  -1) 


i  vi-?.; 


vrtn.-s  m  is  the  number  of  states  in  the  shift  register. 

When  applied  as  a  waveform  mu  <>ul  ation  for  .vuiir,  the  range  cell  ulse, 
/'i». ,  r<j;iU  >  1.  j-.ii/'  i'rOiu  i;U  (III  Mi  oy 
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where  in  the  microwave  propagation  velocity.  The  unambiguous  range,  Ku  in 

u;Uui.  ui^ill  u  U.y  uliw  Gi  OO  Ciw }  Og 

tB  -  Lx  (VI-1) 

Rr.  =»  t.  c 

O  (V'l  •'•>) 


The  spectrum  of  the  coaed  wa/eiorm  has  lines  that  are  separated  by  f0/L.  If 
the  target  velocity  has  a  radial  component  toward  or  away  from  the  radar,  a 
(tippler  shii't  of  these  spectral  lines  occurs  either  higher  or  lower  respec¬ 
tively  by 


fd  =.  IV 
T~ 

where  fd  is  the  doppler  f  renn  mev  and  v  is  the  radial  velocity. 


(VI -6) 


If  unambiguous  tbppler  filtering  i»3  desired,  the  spectral  lines  must  be 

«V*TV*  T*#»  fc' d  Yy'  °  t  1  i-»n«  h  fcv*  f4.jnp«  *f-"H  c-^  v^n  v^iwnm  rVi-nv^l  *•'  r*  f%*»  »n  11  •’*^nxr  ,-*-ny(  'PVjiti 

X .  J'~  ...  «.  ..  '  A  A  *  'A  '■  W  X  '  » 

for  unambiguous  doppler  filtering  for  a  maximum  radial  target  velocity  of  vmaj:; 

fc  -  4Vaax  (VI-7) 

Jj  A. 


Substituting  VI-7  into  VI-5  with  VI-1  yields 

V  .  \2_ 

V[Bai  8RU 

where  vmrj  T  is  the  maximum  target  velocity  without  ambiguities  in  the  (tippler 
filter  space.  K  qua  tier  (Vl-H)  is  plotted  in  figure  ')  showing  the  usual  trade¬ 
off  between  range  and  locity  ambiguity. 

G.  Ui-tiig.)  G.ll  C01U.  L-lwJilUm 

for  long  coin) rout  integration  time:) ,  tVio  rain  1-mum  range  cull  aiau  in  limit  u.« 
by  the  timo  required  for  the  tar yet  to  "fly  through"  the  doppler  filter  used  for 


ruO  iiiiu  ut;i  Th-ua  *S  ti.  uuv.il  appx  0«-U.liWjig  uiivi  i.  eofcj  uiulg  td  j.  c?  v,  o  cxj.ci  vAi  ud 

determined  unambiguous iy.  If  a  technique  is  used  to  first  determine  the  target 
vauial  litiei; ttou  (by  a  range  track  file  from  previous  looks,  for  example)  the 
floppier  filter  space  could  be  arranged  so  that  the  maximum  doppler  frequency 
could  equal  the  spectral  line  separation  before  the  ambiguity  occurs,  for  this 
case,  liquation  (Vl-7)  iii.-comi-a 
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coherent  integration.  The  range  ceil,  AH,  neces  ary  to  cover  thin  ia 


An  =  \\  tc-  (vt~q) 

Barton  ha3  suggested  ^  that  the  range  cell  should  be  greater  tnan  this  by  at 
least  a  factor  of  1.4  to  reduce  the  range  cell,  straddling  loss,  giving 


AR  >  1.4 
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lot.,  iii.i  1''  i  ft  ■■■  ■.  .  •  ..w •.  11  .  tint  '  .  ■■  ■  %. a-  i  v.  f:v ■ 

minimum  range  coherent  integration  time,  t  ,  from  a  single  dtoppler  filter.  The 
target  acceleration  effects  limit  this  into  'ration  time  as  discussed  in  the 
derivation  of  equation  (TV-7)* 


T  'Equation  (lV-7)  ia  combined  with  (VI~10),  eliminating  tf,  the  minimum 

u-3-3.  Ua  *. i...'.'!.  '*_•  .  •  *»'  ‘  .i  .  .  %  ^  .*■  • ).  f.i’  i.  . 

^tmax*  find  acceleration,  a^,  ia 
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Thi  i  is  plotted  in  Figure  10,  showing  results  for  L,  3,  and  X  band  radars  with  a 
(Tf  4  to  £>  g  tf’.rgcts-  The  no  rV»  rote  (nr  ppoct.re’l  bandwidth)  of  the  vf'ivo— 
form  rcoulting  from  the  minimum  range  coll  is  also  plotted. 

The  rad  r  designer  would  not  use  the  minimum  range  cell  given  by  equation 

(i  V—  1  0 )  Uulfc)oa  Une  LCjU^iuulCil  ta  '.dll's  u  IUl  VcjJ ,'J  QUuV  Looviiu.ujl  IVl  lal  gv  1> 

ture  identification  or  porhapa  extremly  good  distribut'd  clutter  performance. 

If  used,  the  processor  would  be  very  complex  because  of  (a)  the  code  rates  are 
high,  (b)  the  number  of  range  cello  to  be  processed  is  high,  and  (e)  the  non¬ 
coherent  integration  string,  necessary  to  cross  a  detection  threaho' a,  would 
have  to  include  an  ensemble  of  range  cells,  each  covering  a  sot  of  doppler 
cells. 

in  order  to  prevent  noncoharont  integration  ever  i  is  go  number  of  range 
cells  the  criteria  is  selected 

AR  f  1.1  VUfti  Ktp  (vr-12) 
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used  in  Figure 
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1).  integration  Wocuuu 


The  integration  technique  n.l  oudy  ifeiimuiii. .  d  uses 
coherent  integration  tutm  val,  tf,  commensurate  v  ■  I-h 
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(a)  the  longest  possible 
the  m?'  nsui ertng  target’s 
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multiple! ,  K,  of  those  intervals 

t0  =  Ntf  ('U-fo) 

watch  are  integrated  noncoherent iy.  'L'he  total  dwe'l J.  period  to  determined  by 
the  average  power  requirement a  us  discussed  in  Section  V.  The  order  of  pro¬ 
cessing  the  information  received  at  the  antenna  of  a  conventional  radar  is 
first,  spatial  direction  (beam  forming);  second,  range  gating;  and  third, 
doppler  filtering*  For  this  type  of  radar,  it  is  possible  to  alter  this  order 
3inco  the  beam  forming  an  well  as  the  range  , gating  and  doppler  filtering  are 
don:-  in.  the  digit,-  I  nrftwmw-  The  rend-r  y»+l  1.  pro  ha  hi  y  think  throng  -  the 
integration  string  discussion  th,  t  follows  in  the  conventional  order;  however, 
one  should  keep  in  mind  the  poss  bility  of  integration  strings  in  different 
orders.  For  znuiplo,  -..here  doppler  processing  is  done  first,  giving  priority 
to  hi  -h  «-•  1  n  iTit”"  t.Vi  ■*"*!•- 1  t--  r- --t-*  . -i:  r-lnv  n  n  ■  n  >  ■  nut  itr"  —i.imh  Tnv.i 

In  any  ct  se,  the  integration  process  requires  the  noncoherent  addition  of 
N  out  puts  from  the  beam- range- do ppl  er  matrix*  Tf  the  target  were  stationary 
(at  constant  direction,  range,  and  velocity)  then  N  sequential  outputo  from  a 
single  combination  of  beam,  range,  and  doppler  would  be  added  for  the  target 
detection  criterion.  With  u  maneuvering  target,  however,  the  addition  must 
follow  the  beam- range- doppler  path  of  the  target  as  it  moves  through  the 
matrix.  This  sequence  creates  an  integration  "string."  If  the  path  of  the 

CJbJ'Ullg  '-.CJ  I  iu  I,  pL't3  lu:L  La  ulc-  ,  cxd  AUA  1  r»I  Lj  l>lli»  Uauo,  nil  I.VJUIU  r.llti  L  aiOjIli  III. 

poHsibj  e  strings  must  be  uunuidorod.  The  extent  of  those  strings  is  bounded 
by  the  maneuvering  target  charac  Leria  tics  as  dlucuaued  iu  the  derivation  of 
Equationa  IV-7,  VI-10,  11,  and  12. 

Integration  strings  through  a  muLti- ettmensi-ona 1  matrix  ar  fraught  with 
difficulties.  Note  that  the  number  of  coherent  intervals,  N,  adds  another 
dimension  to  the  matrix,  numoly  time.  In  other  words,  it  is  not  enough  to 
determine  a  path  in  beam,  range  cell,  and  doppler  apace  through  the  nu-fcri. x;  in 
addition,  each  of  the  N  sequential  intervals  must  be  timed  in  its  appropriate 

location. 


\n  i  ntn.-Tati  on  string  concent  ooul  d  c.oneei  van!  v  be  replace  d  with  an 
int'.  gration  pyramid  approach,  uhcra  more  cull;  than  nccc  rr\ry  :;lvu  added  to 
cover  the  growl  h  in  i.mcertn  i  nty  of  the  target  path  an  it  moves  through  the 
niari  i  T'uhoc;  Li.OJirtf  cells  i-Heu,  Wull.l  u  mio  ooi  s*t  *  i.  i-  ■  ion  i-  i-ii  gn-i.I.  -  •  o  a 

collapsing  loos  would  be  encountered 


The  perils  outlined  above  suggest  that  it  is  better,  by  far,  to  reduce  the 
number  of  dimensions  of  the  matrix;  e.g. ,  to  make  sure  that  the  cells  of 
beam;;! dth ,  range,  and  doppler  are  large  enough  to  enooraoasa  the  target, 
maneuver.  If  the  coherent  dwell  interval  is  as  long  as  possible  for  detection 
purposes  per  Equation  (l.V-7),  the  doppler  cell  dimension  will  not  he  largo 
enough  to  om.ontp.n,:,  th..  morn  snvuru  targst  mane uv nr;,  over  morn  than  onu  int.se  • 
va  I.  of  'therefore,  for  N1;  one  nan  certainly  expect  tha  t  an  integration 

string  w:l'  be  neeessu'-y  in  the  doppler  dimension.  I.  f  the  rmtir  resolution 
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coverage  sectors 

:  :i  nr.  ill;.  —  i  i.y  *  !.  i. 


■e  too  strenuous,  iso  boamwidtJti  aud  range  ceils  may  also 
i  f  this  i;i  the  ease,  higher  power  transim  Iters,  or  smaller 
may  lx  necessary  to  re  due.,  th  i  i  .nte/!.  •ati  un  time  and  string 
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the  longer  ranges  and  implement  them  only  at  shorter  ranges  where;  lean 
integration  time;  Is  required. 

In  order  to  aonetm  the  severity  of  the  integration  string  problem,  tho 
number  of  cells  traversed  by  a  target  at  velocity,  Vt,  and  accelera  ■  Lug  .it 
is  determined  below. 

The  numbor  of  beams,  n q,  traversed  is  given  by 

n0  =  V^atnyto  (VT-14) 

0..R 


where  0U  is  the  j  dh  antenna  be  irnwi dth ,  R  is  the  turgot  range,  and  y  is  tho 
angle  of  the  target's  velocity  vector  with  respect  to  the  radial  center  line 
of  the  beam.  Note  that  the  sin  y  term  indicates  that  tho  target  mast  have  a 
croseini  component  to  its  velocity  vector  to  traverse  a  beam.  If  y  =  0,  the 
velocity  is  radial  and  »*()=  indicating  a  stationary  target  in  the  beam 
dimension  of  the  detection  matrix-. 

From  Equation  VI-14,  it  ia  obvious  that  at  short  range  the  number  of  beams 
traversed  will  be  more  than  one.  Of  interest  is  the  range  at  which  this 
occurs;  e.g. ,  the  minimum  range  it  which  only  one  range  cell  is  required  for  all 
integration  of  the  target  returns.  This  i3  given  by 

K  -  V't^inyto,  tor  u^  j 

-  ( VI  —  1  *5  ) 


The  number  of  range  gates,  n  ,  traversed  during  tne  total  integration 
perio  d  ia  v 


nr  '■*  Vj/Josyt() 


(VI-  16) 


whore  All  here  is  tho  range  gate  bounded  by  the  absolute  mini  mum  range  coll  of 
Eqiiit'ion  VI-10,  or  the  more  appropriate  minimum  of  Equation  VI  -1  ?.  if  parmi  t  fcc  d 
»>y  '•".•I.-."  '.'..I..".  „u  ...  ;.  <;li'. i  •  on  ijiL'.'i  -i  ..iiL.  TIi.  u;;,  ,*  uiuicuL^.,  LIiuI,  Hi. 

target  velocity  vector  must,  have  a  radial  component  to  traverse  the  range 
dimension  of  trie  detection  matrix. 
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This  form  of  the  equation  whan  nf  is  proper „ionad  to  Nt^  indicates  that 
for  n  given  <teoU  time,  t0,  there  m  an  integration  string  advantage;  o.g. , 
nf  is  smaller;  if  tho  dvcll  time  can  bo  achieved  by  using  =  x:  noncoherent 
integration  ( larger  N)  and  smaller  coherent  integration  time,  tf  -  This  is  not 
f,  d’.r;-ntnge(u,.‘1  for  the  riot action  proems:-  j  however. 

In  order  to  maintain  tho  'ntire  noncoherent  integration  over  a  single 
doonler  filter  throughout  the  target  maneuver  for  the  total  detection  interval 
t0  Ntf.  then  nf  ’  1  and 


assuming  cosy’  1.  Note  that  the  above  is  imilar  to  Equation  T.V-7  in  form,  but 
tho  donominutor  discrepancy  between  tho  two  equations  comes  from  tho  criteria. 
The  above  assures  that  the  target  will  not  out-maneuver  a  single  doppler  filter 
over  the  entire  post  detection  integration  interval,  tOJ  while  Equation  TV-7 
attempts  to  assure  that  the  target  will  not  maneuver  out  of  a  single  cbppLer 
filter  during  the  coho rent  integration,  tf. 

E.  Code  8o  action 


Ch  1,-^li  LtO  -iCli  .tlA  lii  ....  L  to  aIIUuUi'uI'  uhc  USu  Oi  ill..  Ui  ju  l/j.S 

ouvcribu  d  m  iili  jji'u  ClUUu  s- .  o  o /i. . -  figure  il  lutlcc tee  a*.',  ox  the  pUiiuc  ua* 

relationships  to  clarify  this  process.  Tabic  VI -A  lists  the  major  descriptors 
of  the  code,  their  derivation  source,  and  the  resulting  values. 

Cories  A  and  A'  use  r,  coherent  interval,  tf,  of  20  milliseconds.  Tho  total 
detection  intorv  1  includoa  .50  of  these  (Na’5C)  which  are  integrated  non- 
cohi'ronfiy.  Vro.i«  Eiguco  ,  i,h»*  oowt  r»»qnt  re d  t  o  about  ft.  6  KM  for  50j£  Pd,  (A 
very  low  power  for  this  class  of  radar.)  however',  u  closer  lock,  at  the  integra¬ 
tion  strings  required  Indicates  a  severe  processing  problem.  Table  VT.-A  shows 
that  for  code  A,  which  is  unambiguous  in  range  to  750  km,  tho  integration  must 
be  performed  over  16.8  range  cells  (nr:16.8)  and  14.1  ctoppler  cells  (nf“14*1). 
bode  A:  ,  which  is  unambiguous  in  floppier  for  tne  OoO  m/aeconu  target,  must  be 
integrated  over  14»  i  doppler  also,  although  all  of  the  integration  could 

occur  in  one  range  ('.ell  (nr  =  .15). 

Codes  H  and  H*  i  Must  rate  waveforms  which  simplify  the  integration  pro¬ 
cessing,  but  require  more  transmitter  power.  They  use  N-20  coherent  intervals 
of  tf=.005  seconds  each  for  a  total  integration  period,  t0,  of  0.1  seconds. 

Thin  shorter  integration  time  would  require  more  transmitter  power  than  nodes  A 
and  A*  in  order  to  maintain  the  detection  range.  (The  transmitter  power  would 
need  to  be  increased  to  roughly  47  KW).  Note  that  for  B,  the  code  with  unam- 
n*i  /nv>n/«  pnjj  f'or*  fV  fnr  nruomln onS  ty .  the  numh«r  of'  ran***? 

per  i n.l:o.‘*T.v‘  lion  ntrin^v  nr,  find  tho  num’^wr*  oF  doppler  colli*  per  integration 

UfT  am  alvmyo  Loan  than  unity;  :  inmu ore,  tho  irtamsuvuririft  tnr^ut  would 
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Figure  11.  Parameter  and  waveform  relationship 


TABLE  VI-A  .  Major  Descriptors,  Derivation  Srurce,  and  Resulting  Values 


reduction  in  transmitter  power  will  force  nr>1  and  nf>1  and  beyond  these  limits 
will  require  multiple  cell  integration  and  increase  the  complexity  of  the  pro¬ 
cessor  significantly. 

VII.  Performance  In  Jamming 

A.  General  Considerations 

The  current  electronic  countermeasure  (ECM)  threat  for  thin  class  of 
radar  is  severe.  Because  of  this  modern  radar  design  uses  (a)  pencil  beam  pat¬ 
terns  to  isolate  the  target  return  from  a  jammer  outside  the  angular  resolution 
of  the  main  beam;  (b)  low  sioelobes  on  receive  in  order  to  reduce  the  radar  sen¬ 
sitivity  to  si  delobe  jammers;  and  (c)  frequency  agility  to  force  the  jammer  to 
spread  its  energy  over  a  broad  band,  reducing  its  level  of  interference  at  the 
continuously  changing  frequency  of  operation. 

The  dispersed  radar  concept  can  use  all  of  these  standard  techniques; 
however,  their  implementation  needs  examination.  The  pencil  beam  on  receive  is 
realized  with  the  system  suggested  here.  Each  beam  in  the  receive  cluster  is  an 
independent  pencil  beam,  and  provides  resolution  for  ECM. 

In  order  to  obtain  very  low  si  delobes  from  the  digital  beamformer  on 
receive,  the  errors  in  amplitude  and  phase  at  the  receive  module  must  be  mini¬ 
mized.  This  is  the  same  sort  of  problem  encountered  in  conventional  phased 
array  antenna  design.  For  example,  in  order  to  realize  peak  sidelobss  in  the 
range  of  35  dB  down  from  the  main  beam,  random  phase  and  amplitude  errors  over 
the  entire  ensemble  of  modular  receive  elements  must  be  on  the  order  of 
15  degrees  rms  and  0.5  dB  rms,  respectively.  Systematic  errors  across  the  major 
dimensions  of  the  receive  array  must  be  even  lower  than  these.  Error  specifica¬ 
tions  which  are  this  low  will  present  a  challenge  to  the  module  designers  and 
manufacturers,  but  they  are  achievable. 

The  digitally  formed  beams  provide  another  possible  ECM  fix  that  is 
similar  in  concept  to  current  techniques  used  in  si  delobe  cancelling.  This  is 
possible  because  the  flexibility  of  beam  forming  by  computer  allows  adaptive 
nulling.  With  the  use  of  appropriate  algorithms  in  the  beamforming  processor, 
nulls  can  be  formed  in  the  si  delobes  on  a  beam  by  beam  basis.  This  is  done  as  a 
response  to  each  of  the  directions  from  which  jamming  is  received.  The  effect 
of  this  adaptive  nulling  is  discussed  in  the  derivation  of  Figure  12  • 

It  should  be  pointed  out  that  it  is  conceptually  possible  to  depress 
the  adaptive  nulls  far  beyond  the  error  limited  sidelobe  levels.  This  may 
appear  to  be  unrealistic  because  the  same  receive  modules  (with  their  errors) 
are  involved  in  both  the  normal  pattern  formation  and  the  adaptive  nulling. 
However,  the  nulling  algorithms,  in  effect,  select  the  digital  weighting  coef¬ 
ficients  for  each  element  by  using  a  closed  loop  process  that  compensates  for 
the  element  errors;  whereas  the  digitally  formed  beam  before  adaption  uses  an 
open  loop  algorithm  that  must  set  coefficients  based  on  a'  priori  knowledge  of 
the  absolute  errors  at  each  element.  If  these  errors  were  constant  with  fre¬ 
quency  change,  and  over  all  temperature  extremes,  etc.,  the  digital  coefficients 
could  be  adjusted  to  "calibrate  out"  the  errors,  even  for  the  open  loop  beam 
formation.  A  one  time  calibration  is  not  expected  to  be  feasible  because  of  the 
poor  behavior  of  the  errors,  leading  to  the  need  for  a  closed  loop  error  correc¬ 
tion  scheme.  This  is  only  expected  to  be  possible,  however,  on  a  periodic  basis 
because  of  the  time  required  for  the  calibration. 


33 


■■•■■■I 


»■■  ■■■■MlllWl 

imiMHiHHiiiiaun 


sr  ■  aari mibbIb mmmm 
m  *iaai  li'wiaBMH 
a  ■■  ■  ■  m  mm  wmMmmmm 


■  ■liilB 

niam 


ll»M 

■■■Mai 

■■■■■a 

(■■■>■ 


■pSSMSSrSs 

hfeMiMiMn 

bavKaimn 

Rkikumvi 

[iHinviafiB 


i»JS| 

m 

Uasvifl 

iku^wnMifi 

iiMnaKVMai 

I'MH 


iSIlBfiUI  lull 

mBm 


maigBiQiM 


RThmmS 
ri  Bm 
|mhmu 

IllIBHU 

iMIllllfl 

mm 


imiBBil 

iiihbw| 

■■■■■■■ill 


<v 

cn 

C  *0 

m  0>  r—  0)  • 

i-  N  fO  JC  C71 
H-  U  *J  C 

XZ  , - -  -r- 

cn  <0  CV.T3  r— 
3  E  >1  C  f- 
O  C*j  fl  3 

t-  o  c 
£  c  cn  (U 

4->  C  «fl  <U 
h-  C  > 

£C  O  X  O  •!“ 
S*.  3C  O  CL+J 
3  O  JC  CO  CL 

jQ  CL  VI  (U  IQ 

4-  *0 

*♦-  U  -  <0 

o  <yr  dj 

£  4->  >  S- 

•*->  e  -o  o  o 

O  <*  •*—  r—  **- 

-r-i  J  0> 

O.  *0  V) 
V,  C  •»-  -4-> 
33  *C  </)  r— 
•,v)  a  3 
S-  36  «/3 

CN  (JJ  Q  o  at 

I  >  4  j  r-  4. 


03 

C  - 

i  3 

E  “  of 
<o  Op 


.  i 

a.  -i-3 

a:  cd 

d. 

■■■■■I 


iiiiRiSSflH 
inumim 


MiwaviKn 


■mu 


■ilium 

iiiiliB 


mill 

IH»I— i 

—Mil 

■in  ii 


The  above  discussion  leads  to  the  conclusion  that  adaptive  nulling,  a 
closed  loop  process,  is  very  similar  to  error  compensation,  also  a  closed  loop 
process.  Either  of  these  requires  iteration  and  thus  consumes  significantly 
more  time  (or  processor  complexity)  than  the  original  open  loop  digital  beam 
formation.  The  question  is:  Can  any  of  this  be  done  on  a  beam  by  beam  basi3 
for  radar  use?  How  far  the  radar  designer  can  take  these  concepts  is  directly 
dependent  on  the  progress  of  the  very  high  speed  integrated  (VHSIC)  technology. 
This,  of  course,  paces  the  implementation  of  real  time  processors  for  digitally 
formed  spatial  beams  applied  to  radar. 

Finally,  the  third  ECM  fix,  that  of  frequency  agility,  can  be  imple¬ 
mented  with  the  distributed  radar  but  with  less  ease  than  in  a  conventional 
monostatic  radar.  The  concept  here,  with  approximately  500  to  1000  meter  sepa¬ 
ration  of  equipments,  lies  in  a  grey  area  concerning  the  derivation  of  coherence 
betwen  the  transmit  and  receive  functions.  The  question  being:  Is  it  easier  to 
provide  a  common  exciter  for  both  functions  as  in  monostatic  design,  or  must  we 
use  separate  exciters?  The  latter  achieves  coherence  by  an  absolute  standard, 
such  as  an  atomic  clock,  at  each  equipment  site;  whereas  the  common  exciter 
would  have  to  be  transmitted  between  the  sites.  One  suspects  that  3ome  hybrid 
of  these  approaches,  e.g. ,  a  crude  standard  at  each  site  which  is  periodically 
calibrated  by  a  transmitted  link,  may  be  the  most  cost  effective  approach  for 
this  system  geometry. 

B.  Performance  Calculations 


The  burn  through  range  for  target  detection  in  the  presence  of  side- 
lobe  jamming  is  given  by  Equation  VII-1  for  the  cases  of  interest  (where  the 
receiver  noise  is  not  significant  compared  to  the  jamming  interference).  Note 
that  the  bistatic  range  product,  R1R2,  has  been  collapsed  into  a  monoatatic 
range  to  the  target,  R^,  on  the  assumption  that  Ri*R2« 


R4t  =  PtGtSbLoRj^T 

4idj-|D;  (ERP) 

(Bj  ) 


where 


Rt 

Rt 

®t 

SLL 

a 


Li 

ERP 


range  to  target 

transmit  power 

gain  of  transmit  antenna 

receive  si  delobe  level  with  respect  to  receive  mainbeam 

radar  cross  section  of  target 

range  to  jammer 

detection  interval  of  receiver 

system  losses,  excluding  receive  loss 

signal  to  jam  ratio  required  for  detection 

effective  radiated  power  from  jammer 

jamme  r  ban  dwi dth 
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From  Table  VII -1  we  obtain 


40  log  Rt  “  157*6  -  10  log  /SRP\  (VII-2) 

Vb3  ) 

This  ia  plotted  in  Figure  12  as  the  solid  line  showing  the  range  to  the  target 
at  burn  through  for  a  35  dB  receive  si  delobe  level.  If  adaptive  nulling  is 
employed,  the  range  performance  is  improved  to  the  broken  line  plots  where  the 
nulling  is  indicated  in  10  dB  steps.  Reference  jamming  values  are  shown  on  the 
absissa  of  the  plot,  where  it  is  assumed  that  frequency  agility  will  force  the 
jammer  to  spread  his  ERP  over  the  bandwidth  of  the  300  MHz  shown. 


Table  VII -1.  Dispersed  Radar  Performance  Computation 
in  Si  delobe  Jamming 


dB 

Parameter  Value  + 


VIII.  Implementation  Consideration 
A.  Transmit  Equipment 

The  unique  features  required  of  the  transmitter  of  this  concept  are 
the  antenna  pattern  formation  and  the  use  of  remote,  unmanned,  dispersed 
equipments.  The  need  for  registration  of  each  of  the  transmitter's  antenna 
pointing  directions  with  the  receive  antenna  pointing  is  somewhat  unique  and 
will  require  further  study  of  procedures  and/or  equipment  to  facilitate  site 
location  and  antenna  positioning  with  low  errors.  Transmit  exciter  control, 
synchronization,  waveform,  and  frequency  management  must  he  provided  to  the 
remote  sites. 

Two  approaches  considered  here  are  for  the  transmit  antenna.  The 
first  employs  an  ensemble  of  nine  horns  as  shown  in  Figure  13.  Each  of  the 
horns  is  designed  and  oriented  to  illuminate  one  of  the  minor  sectors  of 
Figure  3*  The  horn  apertures  range  from  about  15  x  35  cm  (6  x  14  inches)  to 
12  x  17  cm  (5  x  7  inches).  A  one  to  nine  port  switching  network  is  required  to 
sequentially  switch  the  power  amplifier's  microwave  output  from  sector  to  sector 
in  concert  with  the  other  transmitters  and  the  receive  beam  cluster.  This  is  a 
sarie3  path  network  where  the  basic  switches  could  be  either  ferrite  or  FIN 
diode  devices.  The  losses  of  thiB  type  network  will  be  on  the  order  of  2.0  to 
2.5  dB  and  each  active  switching  device  must  handle  the  full  powsr  of  the 
transmitter. 

The  second  transmit  antenna  approach  uses  a  single  electronically 
scanned  antenna,  a  small  planar  array  with  phase  control  for  each  element.  Its 
aperture  is  on  the  order  of  15  x  35  cm  (6  x  14  inches)  with  four  element  rows  by 
8  element  columns,  using  a  total  of  32  elements.  These  are  uniformly  illumi¬ 
nated  with  a  corporate  waveguide  feed.  Therefore,  each  phase  shifter  handles 
1/32  of  the  total  transmit  power  output  and  there  is  only  one  active  device  (a 
phase  shifter)  in  each  path.  Losses  for  this  network  should  be  on  the  order  of 
1.0  to  1.5  dB}  therefore,  it  appears  to  be  more  promising  than  the  switched  horn 
approach. 


The  array  should  be  tilted  back  from  the  vertical  at  the  3ame  angle 
(13.1°)  as  the  receive  array.  Its  natural  beam  spoiling  with  scan  will  assure  a 
similar  coverage  sector  a3  that  of  the  receive  array.  However,  the  phase 
control  permits  further  beam  spoiling  and  tailoring  to  a  particular  sector 
coverage,  if  required.  The  fine  alignment  of  pointing  direction  with  the  other 
units  can  be  done  electronically  by  adjusting  two  constants  in  the  beam  steering 
programmer;  whereas,  the  switched  horn  approach  would  require  both  fine  and 
coarse  alignment  to  be  done  mechanically.  Alignment  of  the  transmit  and  receive 
arrays  should  be  possible  by  transmitting  a  null  (formed  in  azimuth,  or 
elevation,  by  adding  a  180  phase  shift  to  one  half  of  the  array)  then  sweeping 
the  receive  cluster*  s  center  beam  through  it  to  determine  the  alignment  error. 
The  beam  steering  controller  would  not  be  much  more  complicated  than  the  control 
of  the  switches  of  the  horn  feed  network.  For  these  reasons,  the  planar  array 
appears  to  be  the  favored  approach  for  the  transmit  antenna. 
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B.  Receive  Unit 


The  receive  site  is  manned  and  is  located  with  or  near  the  air 
defense  command  post.  The  antenna,  processor,  and  data  reduction  requirements 
are  technically  challenging  die  to  the  use  of  200  simultaneous  receive  beams 
and  the  need  for  real  time  data  retrieval.  In  addition,  the  jamming  threat 
environment  requires  that  the  si  delobes  for  each  of  the  receive  beams  be  as  low 
as  feasible.  This  means  that  extremely  low  phase  and  amplitude  error  budgets 
must  be  placed  on  the  antenna  components  and  receive  modules. 

The  receive  site  equipment,  shown  conceptually  in  Figure  14,  consists 
of  a  receive-only ,  solid  state  planar  array;  a  beam  forming  digital  signal 
processor;  central  control  and  data  links  to  the  remote  transmitters;  data  links 
to  the  air  defense  net;  and  operator  space.  The  basic  antenna  aperture  required 
for  a  2  degree  pencil  beam  using  a  circular  Taylor  illumination  function  2,n-8, 
has  a  diameter  of  38  wavelengths  at  3*0  GHz,  this  represents  an  array  diameter 
of  3*8  meters  (12.5  ft).  Figure  15  indicates  an  equilateral  triangle  array  lat¬ 
tice  which  efficiently  spaces  the  elements  to  scan  over  a  60  degree  cone  from 
broadside.  The  elemental  area  of  this  lattice,  shown  as  .289X2,  divided  into 
the  array  area  yields  the  number  of  elements  required,  3924. 

At  each  element  of  the  array  there  is  a  solid  state  modular 
receiver  which  coherently  (town  converts  from  the  S-band  microwave  target  returns 
to  baseband.  Each  module  has  sample  and  hold  analog  to  digital  (A/D)  conversion 
at  its  output.  These  modules  are  all  identical. . .note  that  there  are 
differences  from  current  solid  state  array  concepts: 

1.  The  array  is  receive  only.  Therefore,  the  usual  incompatability 
of  placing  microwave  power  generation  circuits  on  the  Bame  module  as  low  noise 
receiver  circuits  is  eliminated. 

2.  There  are  no  phase  shifters  involved. 

3.  The  outputs  are  not  collected  or  summed  in  an  KF  or  IF  manifold. 
The  outputs  are  digital  words  which  interface  directly  with  a  digital  processor. 

The  digital  outputs  of  the  in-phase  and  quadrature  channels  of  the 
3,924  elements  of  the  array  are  independently  routed  directly  to  the  input  of 
the  processor.  This  allows  the  processor  to  woric  in  the  spatial  regime  as  well 
as  the  usual  time  and  frequency  regimes.  The  A/D  conversion  is  done  in  elemen¬ 
tal  channels  which  have  the  gain  of  only  one  element.  Therefore,  the  (fymamic 
range  of  these  A/D  converters  is  reduced  by  a  factor  of  1 /N  over  a  conventional 
array  of  N  elements  where  the  summing  is  done  before  A/D  conversion.  This  means 
that,  to  support  the  cjynamic  range  requirement,  6  bit  (or  less)  A/D's  can  be 
used.  However,  studies  need  to  be  completed  concerning  the  A/D  dynamic  range 
that  is  needed  for  the  very  low  error  budgets  necessary  for  ultra-low  si  delobe 
receive  patterns.  Another  area  of  concern  is  the  sample  and  hold  circuits  that 
must  proceed  A/D  conversion.  These  must  include  linear  video  amplification  that 
is  adequate  enough  to  allow  the  receiver  noise  to  toggle  the  A/D's  smaller  bits. 


S-BAND 
GAIN  35.8  dB 
BEAMWIOTH  2® 

NUMBER  ELEMENTS  3924 
APERTURE  12.5  FT.  DIA. 
TAYLOR  N-8 
TILT  ANGLE  13.1® 


receive  planar  array 


A/D  sample  rate  requirements  are  driven  by  the  range  cell  size  needed  by  the 
radar.  In  essence,  this  is  given  by 


fc  -  c 
2ARmin 


(VIII-8) 


where  fc  is  the  sample  rate  (or  code  rate)  andARmin  is  the  minimum  range  cell 
used  by  the  radar.  Although  many  A/D  circuits  can  now  be  obtained  in  an 
integrated  circuit  format,  the  above  factors  require  a  careful  scrutiny.  It  may 
be  necessary  to  develop  the  A/D  in  order  to  meet  the  unique  requirements  of  a 
given  radar  design.  Additional  study  is  required  in  this  area. 


Beam  forming  can  be  done  with  either  a  two  dimensional  fast  Fourier 
transform  (FFT)  or  a  discrete  Fourier  transform  (DPT).  The  formation  of 
simultaneous  beams  in  space  is  done  entirely  within  the  digital  processor,  and 
is  a  natural  consequence  of  using  modern  digital  Fourier  transform  methods. 
However,  decoding,  parallel  processing  of  range  and  doppler,  resolving 
ambiguities,  and  performing  constant  false  alarm  rate  (CFAR)  management  on  200 
simultaneous  beams  does  challenge  the  current  digital  processor  art. 


The  U3  Department  of  Defense  is  currently  engaged  in  a  multi-year 
program  to  improve  processing  capability  through  a  very  high  speed  integrated 
circuit  (VKSIC)  technology  development  program.  An  FFT  butterfly*  ci  'cuit  is 
promised  in  three  years  that  will  function  in  40  nanoseconds  using  a  circuit 
that  is  1  cm^  area. 


Using  a  very  crude  approach,  one  can  at  least  determine  an  estimate 
for  a  bound  on  the  beam  forming  time  that  would  result  if  this  butterfly  chip 
were  used: 


1.  A  64  x  64  element  array  input  would  result  in  4,096  elements  in 
the  array,  a  number  reasonably  close  to  the  3,924  required  above  by  the  antenna 
pattern  considerations. 

2.  A  brute  force  two  dimensional  FFT  approach  for  beam  forming  would 
simply  use  64  columns  of  FFT’s  having  64-point  inputs  each.  Their  outputs  would 
feed  64  rows  of  another  set  of  64-point  FFT’s.  The  output  of  thie  matrix  would 
yield  4,096  beams.  These  beams  are  not  positioned  in  space  properly  in  order  to 
select  from  among  them  the  specific  200  beams  required  here.  However,  the  time 
required  to  perform  the  operation  to  produce  the  4,096  beams  may  serve  to  get  a 
feel  for  the  emerging  art. 

3.  A  64-point,  radix  2,  FFT  has  6  tiers  or  "sequential  layers"  of 
butterfly  operations  that  must  be  done  in  sequence. 

4.  If  we  assume  that  all  column  FFT  devices  are  redundant  and 
operate  in  parallel  and  that  the  same  is  true  for  the  rows,  then  for  time  com¬ 
putation  purposes,  two  groups  of  64-point  FFT’s  must;  operate  in  sequence. 


*  The  butterfly  is  the  basic  circuit  required  in  an  FFT.  It  performs  one 
complex  multiplication  and  two  complex  adds. 


5.  Therefore, 


For  the  6  tiers  of  buterflys  in  sequence: 

6  x  40  nanoseconds  »  240  nanoseconds 

(e.g. ,  a  64-point  FFT  requires  240  nanoseconds). 

For  the  two  groups  of  FFT's  dene  sequentially: 

2  x  240  *  480  nanoseconds 

6.  This  crude  estimate  would  support  a  sample  rate  of 
1/(480  x  10*9)  -  2.08  MHz. 

The  above  sample  rate  ultimately  defines  the  signal  bandwidth  that  is 
achievable  for  the  radar  waveform.  The  range  cell  size  resulting  from  this 
2.08  MHz  bandwidth  is  determined  from  Equation  VIII-1  as  72.1  meters.  It  is 
clear  that  this  is  a  useable  range  cell  size  for  this  radar  application.  The 
above  example  assumes  the  entire  beam  former  clears  for  each  sample  set.  A  pipe 
line  processor  could  reduce  this  time  considerably  by  delaying  th8  output  by  a 
few  sample  intervals. 

This  crude  example  indicates  that  the  processor  technology  will  sup¬ 
port  digital  beam  forming  in  the  near  future.  To  realize  its  full  potential  for 
an  air  defense  radar,  algorithms  and  processor  architecture  need  to  be  developed 
which  will  allow  real  time  adaptive  nulling  and  pattern  tailoring  to  an  ECU 
environment . 

IX.  Conclusions 

A  radar  concept  has  been  discussed  which  offers  a  potential  solution  to 
the  major  problems  facing  the  air  defense  radar  community  in  the  next  decade. 
These  solutions  are  not  thoroughly  addressed  in  this  first  concept  paper; 
however,  they  can  be  inchoated  here  as  justification  for  further  development 
of  the  concept. 

(1)  Antiradiation  missiles  - 

Good  immunity  is  inherent  by  the  dispersed  nature  of  the  transmit 
function  and  the  totally  passive  receive  site. 

(2)  Standoff  jammers  - 

The  use  of  digital  beam  forming  allows  adaptable  spatial  filtering, 
e.g.,  the  ability  to  place  antenna  pattern  nulls  in  the  directions 
of  the  jammers,  both  in  the  side lobes  and  on  the  skirts  of  the  main 
beam. 

(3)  Escort  jammers  - 

The  dispersed  equipment  provides  the  geometry  to  perform  noise 
correlation  for  determining  the  range  of  escort  jammers.  Although  not 
discussed  herein,  a  modest  receive  function  added  to  the  dispersed 
transmitters  would  enable  rough  triangulation  at  the  normal  receive 


Implementation  of  this  concept  requires  advanced  technology.  Very  high 
speed  integrated  circuits  (VHSXC)  are  required  for  processing  the  information 
from  multiple  beams  in  range,  doppler,  and  angular  space.  The  latter,  digital 
processing  in  angular  space,  is  a  new  and  emerging  technology®  with  con¬ 
siderable  hardware  and  algorithm  development  needed  for  radar  application, 
although  it  is  a  more  mature  art  for  slower  sample  rate  applications  of  sonar 
and  geophysics  applications. 


Solid  state  array  technology  is  employed.  The  receive  only  module  uses 
coherent  microwave  integrated  circuits  which  are  within  the  current  art.  Bach 
module  also  includes  video  circuits  and  analog  to  digital  conversion  which  is 
"available,1'  but  will  require  development  effort  to  be  reasonably  compatible 
with  the  array  module  application.  « 

This  concept  uses  a  multi-static  radar  geometry.  A  conclusion  is  implicit 
•in  this  report,  however,  that  the  equipment  should  not  be  widely  dispersed. 
Therefore,  a  sanctuary  is  not  provided  for  the  transmitter;  instead,  ASM  immu¬ 
nity  is  gained  by  dispersing  the  transmit  function  over  a  region  relatively 
close  to  the  receive  site. 


The  concept  described  is  futuristic  but  well  founded  in  the  near-term  trends 
and  technology  development  required  to  support  it.  It  is  therefore  important, 
because  it  illustrates  to  the  military  user  the  performance  advantages  to  be 
gained  through  development  and  exploitation  of  a  new  level  of  technology  base  - 
solutions  to  problems  for  which  there  are  very  few  satisfactory  answers  in  the 
existing  radar  concepts  using  the  existing  technology  base. 

X.  RECOMMENDATIONS 

In  order  to  exploit  the  techniques  suggested  here,  additional  work  is  needed 
in  the  following  areas: 

A.  Parallel  Beam  System  Concepts 

Current  radar  design  uses  a  sequentially  scanned  beam  which  is  sequentially 
processed  for  each  direction  in  space.  System  concepts  are  allowed  by  the  tech¬ 
niques  herein  which  use  multiple  simultaneous  beams.  If  the  radar  must  provide 
very  high  data  rates  in  a  target  rich  environment,  or  if  the  dwell  time  must  be 
extremely  long  for  high  doppler  resolution  processing,  then  these  parallel  beam 
approaches  should  be  considered.  Concept  studies  are  needed  to  optimize  the 
number  of  beams,  waveforms,  etc.  for  a  given  application. 

B.  Dispersed  Transmitter  Studies. 

Dispersed  transmitters  are  suggested  here  as  a  means  to  handle  the 
ARM’s  in  a  manner  similiar  to  that  of  blinking  decoys.  More  definitive  study  of 
this  is  needed  to  show  trade-offs  between  the  blinking  scheme  effectiveness  and 
radar  performance.  Use  of  the  dispersed  transmit  farm  can  also  be  studied  for 
other  purposes,  such  as  for  target  fluctuation  improvement,  or  triangulation  for 
range  information  on  escort  jammers. 
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C.  Tracking  and  Beam  Splitting  Studies. 

Tracking  techniques  for  thi3  class  of  system  need  to  be  addressed.  The 
use  of  multiple  beam  clusters  is  similiar  to  the  four  beam  cluster  required  for 
monopulse  tracking;  therefore,  questions  arise:  Should  the  processor  treat 
every  adjacent  set  of  beams  as  a  tracking  set  with  sum  and  difference  processing 
available  on  every  target  detection  or  should  a  special  set  of  tracking  beams  bo 
employed  for  better  accuracy?  Is  beam  splitting  necessary,  or  can  a  scanned 
sequential  cluster  set  be  used  to  pinpoint  a  target  direction  in  space?  With 
spatially  sampled  digital  beam  forming,  can  the  tracking  be  done  with  spatial 
filtering  using  modern  high  resolution  filtering  techniques? 

D.  Digital  Beamforaing. 

Both  open  loop  and  closed  loop  digitally  formed  spatial  beamo  need 
study.  In  particular,  algorithms  for  forming  beams,  compensating  for  manufac- 
turing  errors,  and  forming  nulls  to  directional  sources  of  interference  (all  in 
real  time)  need  investigation.  The  impact  of  VHSIC  on  the  beamforming  capa¬ 
bility  needs  more  rigorous  assessment.  The  use  of  new  digital  filtering  tech¬ 
niques,  such  as  the  maximum  entropy  methods  for  enhanced  resolution,  should  be 
investigated  for  this  application. 

E.  Processor  Architecture. 

The  digital  signal  processor  required  here  must  adaptively  form 
multiple  simultaneous  beams  and  process  all  of  their  signals  from  a  given  sector 
of  space  within  the  cfcrell  time  allowed  for  that  sector.  This  will  require  VHSIC 
implementation.  Architecture  studies  are  needed  which  providQ  processor  ctesigns 
centered  around  the  chip  set  to  be  produced  by  the  US  Department  of  Defense 
VHSIC  program. 

F.  Component  Development. 

This  concept  is  based  on  the  use  of  a  receive  module  per  element  in  a 
large  planar  array.  Down  conversion  is  needed  that  is  coherent  from  module  to 
module  across  the  array  face.  Linear  amplification  is  needed  at  a  low  IF  or 
video  to  drive  the  sample  and  hold  of  a  modular  A/D  converter  (for  both  in-phase 
and  quadrature  channels)  on  the  rear  of  each  receive  module.  A  program  is 
needed  to  develop  a  family  of  these  receive  modules  for  digital  beamforming 
applications  such  as  the  one  described  herein.  This  should  include  the  develop¬ 
ment  of  low  logic  power  circuits  with  appropriate  form  factors. 


Appendix  A 

Receive  Array  Tilt  Angle  Determination 


For  moat  air  defense  coverage  volumes  the  envelope  of  the  peak  gain  of  the 
pencil  beam  receive  array,  versus  scan  from  broadside,  is  optimized  over  more 
of  the  scan  volume  if  the  plane  of  the  array  face  is  tilted  back  from 
vertical.  One  criteria  to  use  for  the  determination  of  this  tilt  angle  is 
simply  to  equalize  the  maximum  scan  angles  from  the  array  broadside  that  occur 
when  the  array  is  scanned  to  each  of  the  extreme  “corners"  of  the  coverage 
volume.  The  scan  angle  from  broadside,  9,  given  by  Ref  2  is 


0 


sin  T  +  cos  E  cos  A 


(A-1) 


where  E  and  A  are  the  earth  elevation  and  azimuth  angular  directions  and  T 
is  the  tilt  back  angle  of  the  array  face  with  respect  to  the  zenith  of  the 
earth  coordinates. 


The  coverage  volume  is  symmetric  about  its  azimuth  center;  therefore,  the 
coordinates  of  +60°  A  ,  6°  E  and  +  60°  A  ,  50°  E  can  be  substituted  into 
(A-1 )  yielding  two  simultaneous  equations  which  are  solved  for  T  when  the  9 
of  each  of  these  cases  are  equated.  When  this  is  done  the  tilt  angle  computed 
is  13.12°  which  was  used  in  the  determination  of  the  sector  boundaries  of 
Figure  3*  Note  that  the  upper  sectors  extend  to  62.4°  rather  than  the  50°  E 
used  above.  Further  iteration  of  the  tilt  angle  and  sector  boundaries  was  not 
done  for  this  example,  but  in  principle  the  tilt  angle  can  be  adjusted  to 
enable  reasonable  extremes  of  the  angle  from  broadside,  9,  to  be  used  for  the 
coverage  extremes. 
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